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We investigated the single scattering optical properties of snow for different ice particle shapes and degrees
of microscopic scale roughness. These optical properties were implemented and tested in a coupled
atmosphere-snow radiative transfer model. The modeled surface spectral albedo and radiance distribution
were compared with surface measurements. The results show that the reflected radiance and irradiance over
snow are sensitive to the snow grain size and its vertical profile. When inhomogeneity of the particle size
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SnJ(;w distribution in the vertical is taken into account, the measured spectral albedo can be matched, regardless of
Radiative transfer the particle shapes. But this is not true for the modeled radiance distribution, which depends a lot on the
Radiance particle shape. The usual “equivalent spheres” assumption significantly overestimates forward reflected

radiances, and underestimates backscattering radiances, around the principal plane. On average, the
aggregate shape assumption has the best agreement with the measured radiances to a mean bias within 2%.
The snow optical properties with the aggregate assumption were applied to the retrieval of snow grain size
over the Antarctic plateau. The retrieved grain sizes of the top layer showed similar and large seasonal
variation in all years, but only small year to year variation. Using the retrieved snow grain sizes, the modeled
spectral and broadband radiances showed good agreements with MODIS and CERES measurements over the
Antarctic plateau. Except for the MODIS 2.13 pm channel, the mean relative model-observation differences
are within few percent. The modeled MODIS radiances using measured surface reflectance at Dome C also
showed good agreement in visible channels, where radiation is not sensitive to snow grain size and the
measured surface bidirectional reflectance is applicable over the Antarctic plateau. But modeled radiances
using local, surface-measured reflectance in the near infrared yielded large errors because of the high
sensitivity to the snow grain size, which varies spatially and temporally. The CERES broadband shortwave
radiance is moderately sensitive to the snow grain size, comparable to the MODIS 0.86 um channel. The
variation of broadband snow reflectance due to the seasonal variation in snow grain size is about 5% in a year
over the Antarctic plateau. CERES broadband radiances simulated with grain sizes retrieved using MODIS are
about 2% larger than those observed.

Snow grain size retrieval

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Snow is the most reflective surface type on Earth, and it plays an
important role in the surface energy budget of polar regions and
climate of the globe. The albedo of snow has a pronounced spectral
variation, from almost unity in the visible to almost zero in the near
infrared. Because of the complexity of particle shape, the accurate
calculation of the single scattering properties of a snow grain is a
challenge. “Equivalent spheres” with same volume-to-surface ratio as
the actual snow grains are commonly used to represent snow grains
(ice crystals) in radiative transfer models (e.g., Wiscombe and Warren,
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1980; Nolin and Dozier, 2000; Li and Zhou, 2004; Painter and Dozier,
2004), even though actual snow particles are quite non-spherical. The
“equivalent sphere” parameterization allows the use of Mie theory for
computation of single scattering parameters. This simplified approach
can successfully simulate hemispherically averaged radiative quan-
tities, such as irradiance and albedo (Grenfell et al., 1994; Aoki et al.,
2000), which are not very sensitive to the finer aspects of the
scattering phase function. The scattering phase function for an ice
crystal is closely related to particle shape; the phase function of non-
spherical particles may differ dramatically from those of spheres, and
yet have the same asymmetry factor. Directional quantities, such as
bidirectional reflectance and radiance, are however more sensitive to
scattering phase function and hence to particle shape (Mishchenko
et al,, 1999; Kokhanovsky and Zege, 2004; Xie et al., 2006). A sound
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Fig. 1. The four idealized shapes of the snow particle habits.

theoretical model of radiance that accounts for the effects of particle
shape is a vital tool for advancing the retrieval of snow characteristics
(i.e., snow grain size, surface irradiance) with satellite radiances.

The Antarctic plateau is covered by dry, clean, cold snow all year;
the plateau has few aerosols and little water vapor. Satellite measured
radiances in the solar spectrum over the Antarctic plateau are
dominated by the effects of snow. Therefore, the Antarctic plateau is
an ideal location to test the theory of snow optical properties, radiative
transfer in snow and snow property retrieval algorithms.

NASA's Earth Observation System satellites, which view the
Antarctic plateau several times per day, now have a multi-year record.
In particular, the Moderate-resolution Imaging Spectroradiometer
(MODIS) sensors on Terra and Aqua measure narrow-band radiances
in various shortwave (SW or solar) bands, while Clouds and the Earth's
Radiant Energy System (CERES) sensors on the same satellites
measure broadband SW radiances simultaneously (Wielicki et al.,
1996). These coincident narrow-band and broadband measurements
provide an excellent database for studies of snow with radiative
transfer models. Using CERES-retrieved clouds using MODIS imager
(Minnis et al., 2003) and MODIS-retrieved aerosols (Kaufman et al.,
1997), and a data assimilation of temperature and humidity (GEOS4
described by Bloom et al., 2005), CERES also computes the Surface and
Atmospheric Radiation Budget (SARB, Charlock et al., 2006) at five
levels. Comparisons of calculated and observed SW fluxes at both the
top of atmosphere (TOA) and the ground are less favorable at high
latitudes, in part because of the parameterization of snow. While the
fluxes calculated for a cloudy sky, for example, benefited by using
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Fig. 2. Comparison of the total extinction cross-section in 1 g of snow as a function of
particle effective radius (RE) for the four particle shapes shown in Fig. 1. A=0.55 pm.
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Fig. 3. The single scattering co-albedo (the upper panel) and asymmetry factor (the
lower panel) as a function of wavelength for the four particle shapes. RE=100 pm.

inputs like cloud particle size retrieved from MODIS data, explicit
retrievals of snow particle size were simply not available.

In this paper, we present the snow optical properties based on
different assumptions of ice crystal shape and roughness, compare
them with those from Mie theory, and implement them in a coupled
atmosphere-snow radiative transfer model. The simulations are
compared to quality surface and satellite measurements and then
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Fig. 4. Effect of ice particle (aggregate) surface roughness (o) on the asymmetry factor.
RE=100 pm.
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applied to retrieve the sizes of the snow grains. The objective of this
paper is to demonstrate various effects of snow properties on the
radiation over snow in different parts of the shortwave spectrum; to
find an appropriate particle shape for simulating observed radiances;
to find the viewing geometries that are useful for snow property
retrievals; and to test a model of snow for future applications with SW
satellite data.

2. Single scattering optical properties of snow

The extinction coefficient, single scattering albedo (SSA), and
scattering phase function are fundamental in radiative transfer
models. For many computations, especially for angular average
quantities such as irradiance and albedo, a simple Henyey-Greenstein
phase function (HG) is employed; commonly the HG with the same
asymmetry factor as the actual phase function (Henyey and Green-
stein, 1941). Only the asymmetry factor is needed to define HG.

The single scattering optical properties of snow vary intricately
with grain size, particle shape, microscopic crystal surface roughness
and wavelength. The optical properties in this study are based on four
idealized particle shapes: spheres, aggregates of columns, hexagonal
plates and solid hexagonal columns, as illustrated in Fig. 1. The optical
properties for spheres are based on Mie theory, while those for non-
spherical particles are computed from an improved geometric-optics
method (IGOM) developed by Yang and Liou (1996). The refractive
index for these computations is from Warren (1984). Fig. 2 compares
the extinction cross-section of unit mass (1 g) of snow at 0.55 um for
the four particle shapes shown in Fig. 1. The x-axis in Fig. 2 represents
the effective radius (RE) of the ice particle (snow grain size). RE is
defined as

3
RE =2 (V/A) (1)

where V and A represent the particle volume and projected area
respectively. For spheres, the RE is the same as the actual radius. Fig. 2
includes grain sizes from 10 pm (smaller than typically found in fallen
snow) to 100 pm (roughly characteristic of the Antarctic plateau
during summer, but also found elsewhere atop fresh, cold snow fields)
and 1000 um (typical grain size for aged melting snow). The extinction
per unit mass is very similar throughout the SW spectrum, because
the sizes of these grains are much larger than the optical wavelengths.
Fig. 2 shows that the extinction of snow varies greatly with snow grain
size, but varies little with particle shape, for a same mass of snow.

Fig. 3 compares the single scattering co-albedo (upper panel) and
asymmetry factor (lower panel) for the same four particle shapes as Fig. 2.
Fig. 3 shows that while the effect of particle shape on co-albedo is modest
but significant, shape has a more substantial effect on asymmetry factor
(). The g for plates is larger than that for spheres, because a number of
rays transmit through two parallel basal faces without changing their
propagating direction in the case of plates, contributing to the increase of
g. And unlike the extinction coefficient, both co-albedo and asymmetry
factor vary strongly with wavelength for all shapes.

We now consider microscopic scale roughness of the particle surface.
Micro-roughness affects the optical properties of individual snow grains.
In the computation, the normal of the particle surface is statistically
perturbed for each reflection-refraction event. The distribution of the
normals or slopes (s) of the facets of a roughened surface is described by
the Gram-Charlier function (Cox-Munk, 1954) as

pls) = rexp( ;) @)

where o is the mean slope distribution width. Large o indicates a rough
surface, and zero o indicates a completely flat surface. The technical
details of the treatment of surface roughness are reported in Yang and
Liou (1998). This surface micro-roughness has almost no effect on the

total extinction and absorption, but it has some effect on the scattering
phase function. Increasing the surface roughness reduces the forward
scattering peak and tends to smooth the entire phase function. Fig. 4
shows the asymmetry factors of three different roughness parameters
(o) for particles of aggregate shape with RE=100 pm.

The asymmetry factor is much more sensitive to particle shape
(Fig. 3, lower panel) than to particle micro-roughness (Fig. 4), for the
regimes considered here.

Because of the strong influence of shape on the optical properties
of an individual snow particle, the shape assumed by a model affects
the radiances calculated for the entire snow field. The upper panel of
Fig. 5 shows the effect of particle shape on simulated snow surface
albedo for a diffuse incidence with RE of 100 um. For the same effective
size RE, aggregates have the highest albedo, whereas plates have the
lowest. Spheres and solid columns produce similar surface spectral
albedos (Fig. 5), because they have similar asymmetry factors (Fig. 3);
however their scattering phase functions (which influence directional
reflectance) are very different. The lower panel of Fig. 5 (also for RE of
100 um) shows the small effect of particle micro-roughness on the
surface albedo of the snow field; roughness has small influence on the
asymmetry factor (and albedo) but more on the scattering phase
function (and directional reflectance).

3. Comparison with surface measurements

To test the theoretical single scattering optical properties of snow
particles, we implemented them in a coupled atmosphere-snow
radiative transfer model and compared model results with measure-
ments over a snow field. The model is coupled: it treats scattering and
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Fig. 5. Effects of snow particle shape (the upper panel) and surface roughness (the lower
panel) on the calculated snow surface albedo. RE=100 pm.
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absorption within both media (atmosphere and snow) explicitly,
rather than using one medium as a simple boundary condition for the
other. Except for the idealized shapes of individual snow grains, the
model is plane parallel. The snow grains are oriented randomly. We do
not account for macroscale variations of the snow field (i.e., sastrugi or
snow drifts). The radiative transfer model can calculate the spectral
and broadband radiances and irradiances at any level of the
atmosphere and snow. Similar to the atmosphere, the snow can also
be divided into an arbitrary number of layers to resolve, for example,
the variation of snow grain size with depth. Optionally, the snow
surface can also be considered as the bottom boundary, when the
coupled model becomes a conventional atmospheric radiative transfer
model and the snow surface reflectance is required as input. More
description on the radiative transfer model was presented in Jin et al.
(2006).

The measurements were made at Dome C (75.1°S, 123.3°E) on the
Antarctic plateau by Hudson et al. (2006). They measured both the
spectral albedo of the snow surface and the angular variation of
radiances from a 32 m tower over a thorough range of viewing
geometry. The measurement domain included the effects of sastrugi
(when present) but not very large scale effects like mountains.

Fig. 6 compares the modeled and measured diffuse spectral albedo of
snow. Each of the four panels corresponds to the respective particle shape
assumed by the model. The measurements, represented by plus signs, are
identical in all panels. Dashed lines give the model results assuming both
single-layer snow (which does not change with depth) and the smallest
RE of the respective panel; these match the measurements in all panels
quite well in longer wavelengths (> 1400 nm) but overestimate the albedo
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in shorter wavelengths. Dotted lines have model results also assuming
single-layer snow, but with the largest RE of the respective panel; the
large RE results match the measurements in shorter wavelengths but
instead underestimate the albedo in longer wavelengths. The solid lines
are results from a two-layer snow model in which the top layer
(h=0.5 mm) has the smaller RE, and the bottom layer has the larger RE,
of the respective panels. The optical depth for the bottom layer can be
considered to be infinite because of the snow thickness over Antarctic
plateau. Fig. 6 shows that if a two-layer snow model is used, or if the snow
grain size and its vertical profile are both freely adjustable parameters, the
observed spectral albedo can then be suitably matched with any of the
four assumptions for particle shape. However, the effective radii (RE)
required to match the spectral albedos differ among the particle shapes,
because the single scattering optical properties for RE (as defined by Eq.
(1)) depend on particle shape. Grenfell et al. (1994) also matched the
spectral albedo measured at the South Pole by using two-layer snow
(RE=30/100 pm) with the spherical particle assumption.

Using the same two-layer snow models that matched the spectral
albedo shown in Fig. 6, we calculated the angular distribution of
radiances for comparison with the measured Anisotropic Reflectance
Factor (ARF). ARF is defined as
wl(0,¢) (0, 9)

- EO - o (3)

ARF(0, ¢)

for view zenith angle 6 and, relative azimuth angle ¢, reflected
radiance I(6,¢), and reflected irradiance Eo. It equals to the ratio of the
reflectance r(6,4) and the albedo (). Note that ARF corresponds to a
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Fig. 6. Comparison of modeled and measured snow surface albedo at Dome C, Antarctic. The four panels are for the four particle shapes respectively. In each panel, the dashed and
dotted lines are modeled albedo using a single-layer snow model, whereas the solid line shows the model results using a two-layer snow model. All measurements are ground-based.
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particular solar zenith angle (60,). The hemispheric average of ARF is
unity. Both ARF and the bidirectional reflectance distribution function
(BRDF) are used to describe the angular distribution of reflected
radiances. A complete BRDF observation would measure (sample) all
the reflected (upwelling) radiances for each of a full incident
(downwelling) radiance distribution. BRDF at some wavelengths can
be quite difficult to observe in the field, because surfaces are typically
illuminated by incoming diffuse skylight at many angles simulta-

Model

Column

neously. As such scattered downwelling radiation in the near infrared
(NIR) is minimal during clear conditions over the Antarctic plateau,
the NIR ARF and downwelling NIR flux at a given solar elevation and
azimuth then effectively constitute the NIR BRDF for that solar
elevation and azimuth.

Fig. 7 is an example of the simulated ARF compared with tower
measurements for a solar zenith angle (6,) of 60.27° at wavelength
650 nm, near the center of MODIS channel 1. The same two-layer snow
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Fig. 7. Comparison of modeled and measured radiance distribution (ARF) at solar zenith angle (6,) 60.27° over snow surface at Dome C, Antarctic. The left panels show model results.
The right panels show the model discrepancy with measurement in percent [100x(model-measurement)/(measurement)]. The four rows are for the four particle shapes

respectively. Wavelength A=0.65 um. All measurements are ground-based.
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models as used in the solid lines of Fig. 6 (for matching the spectral
albedo) are used here. The left panels of Fig. 7 show the modeled ARF,
and the right panels show the relative model-observation difference
in percentage; each row has one particle shape; view zenith angle is
the horizontal coordinate; relative azimuth angle is marked on the
semi-circle. The ARF is assumed to be symmetric with the principal
plane (the vertical plane containing the sun, the surface target and the
nadir), so only azimuths from 0° to 180° are presented. The entire
principal plane is covered by the horizontal axis of each panel, and the
sun is on the left. Generally, the ARF or reflectance for forward
scattering (azimuth angle<90°) at large zenith view angle is over-
estimated by the model, but it is underestimated for backward
scattering (azimuth>90°) at large view zenith angle, especially for
calculations using spherical particles (upper row in Fig. 7). However,
for simulations using non-spherical particles (the lower three rows)
the relative discrepancies with measurements are mostly less than
10% for view zenith angles less than 60°. Note that most satellite
observations are from view zenith angle less than 60°. Large ice
crystals have strong forward scattering, but they also have a secondary
reflection peak directly backward. The theoretical scattering phase
function has larger errors there, although we removed the diffraction
and transmission peaks in the calculations. This contributes to large
discrepancies between simulated and observed radiances at large
view zenith angles close to the principal plane, as shown in Fig. 7.
Another cause of this error is the macroscopic snow surface rough-
ness, which decreases forward reflection (i.e., shadow cast by sastrugi)
and enhances backward reflection, when compared with the flat
surface used in the model (Warren et al., 1998).

Model simulations for other wavelengths and solar zenith angles
also compare favorably with ground observations. Fig. 8 shows the
discrepancies of the model mean ARF with respect to ground
observations as fractions (i.e., a discrepancy of 0.02 in Fig. 8 is
equivalent to 2% in Fig. 7) for two MODIS channels and solar zenith
angle (6,) 60.27°. The asterisk is for all view angles measured and the
square is for view angles less than 60°. The discrepancies of model ARF
for the two channels are similar.

The upper right panel of Fig. 7 shows that calculations using the
spherical particle assumption significantly overestimate forward
reflection, and underestimate backward reflection, near the principal
plane. The spherical assumption is not a good choice for computing
directional reflectance over snow. Among the three non-spherical
particle assumptions, the aggregate presents the best agreement with
measurements on average. Based on the results shown above and
others not shown, we assume aggregate snow particles for subsequent
radiative transfer computations. The particle surface roughness pa-
rameter (0) used in Figs. 6-8 is 0.30, as for the dashed line in Fig. 4. On
average, this microscopic roughness has little effect; simulations using
o of 0.30 have a slightly better match with measurements than do
simulations using a smaller o (less roughness). There is yet no
measurement of o for snow. Larger o gives a smoother scattering
phase function. The variation of particle size in an actual snowpack
also tends to smooth the collective scattering phase function.

4. Snow grain size retrieval

We now consider the retrieval of snow grain size with MODIS data.
In situ observations over the Antarctic plateau indicate that grain size
often changes sharply with depth, the typical thin top layer consisting
of small, fresh snow grains (Grenfell et al., 1994; Gay et al., 2002). Fig. 6
shows the sensitivity of the spectral albedo of snow to grain size and
its vertical profile. While reflection to TOA in the near infrared is
conveniently quite sensitive to the grain size, near infrared radiation is
absorbed very quickly in the top layer of snow. This argues for
including a second MODIS channel in the visible when retrieving grain
sizes. With less sensitivity to grain size, but more ability to penetrate,
the visible channel can provide some information on the bottom layer.
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We adopt a two-layer snow model with aggregate shape (as in the
solid line in the upper right panel of Fig. 6) and choose MODIS channel
6 (1.64 pm) for the top layer snow grain size retrieval and channel 1
(0.64 pm) for the bottom layer size retrieval. Two reflectance look up
tables (LUT) corresponding to the two MODIS channels were
developed. As in Fig. 6, the top layer has a geometrical thickness of
0.5 mm. Grain size is assumed to be constant within each layer. The
sub-arctic winter (SAW) atmospheric model of McClatchey et al.
(1972) was used for the tables. The vertical profile of water vapor is
fixed, but the total precipitable water varies with the surface
elevation. The total water vapor amount is small over the Antarctic
plateau (Chamberlin, 2001), and its absorption in both MODIS
channels is very small. In each table, the reflectance at the top of
atmosphere (TOA) is a function of solar zenith angle, satellite view
zenith angle, relative azimuth angle, elevation of surface above sea
level, and aerosol optical thickness (AOT); as AOT over the Antarctic is
generally low, it is set as zero in this study. In addition to these five
parameters, the reflectance table for the 0.64 pm channel has two
additional dependent variables: total ozone amount and grain size of
the top layer. The algorithm first matches the MODIS 1.64 pm
reflectance with the LUT to obtain the snow grain size of the top
layer. Then the top layer grain size and the other parameters are used
to match the 0.64 pum reflectance, thus obtaining the grain size of the
bottom layer. Also, the bottom layer grain size is required to be larger
than or equal to the first layer size. If a value for the bottom layer grain
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size returned by applying the LUT is less than the top layer size, it is footprints (~20-40 km). Clouds were screened by the CERES cloud
reset to the size of the top layer. algorithm (Minnis et al., 2003), which employs several channels of

The CERES and MODIS data used here are from NASA's Terra high spatial resolution MODIS imager (~1-2 km) data. The MODIS
satellite. We retrieve the snow grain size for only the clear CERES observed radiance are the energy weighted average of the pixels in

Jan 1

v,

Meari: 121.9

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210
Snow Grain Radius (micron) for Layer 1

Fig. 9. Retrieved snow effective radius (RE) for the top layer of snow over the Antarctic plateau in the five summers from 2000 to 2005 (four days per year) using MODIS data.
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each CERES footprint, using the CERES point spread function (PSF) detect macroscale roughness of the snow surface. The relative
(Priestley et al., 1997). In each clear CERES footprint, the PSF-weighted standard deviation of the 0.64 pm (1.64 um) MODIS radiances within
standard deviations of MODIS radiances for two channels are used to a CERES footprint must be less than 0.02 or 2% (0.04 or 4%). This filters

Meati: 180.2

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450
Snow Grain Radius (micron) for Layer 2

Fig. 10. Similar to Fig. 9, but for the bottom layer of snow.
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Fig. 11. The seasonal variation of the mean snow RE over the Antarctic plateau in the five
summers shown in Fig. 9 and Fig. 10.

out footprints with large scale surface inhomogeneity, but not those
with macroscale snow surface roughness that is more uniformly
distributed.

Fig. 9 shows the retrieved top layer snow grain size (effective radius,
RE) over the Antarctic plateau (latitude>70°) for four days, each the first
of a respective month, during five summers from 2000 to 2005. In each
year, the snow grain size in early summer is the smallest. Year-to-year
variations are less than seasonal variations. Based on a comparison of
computed radiances with observations (Fig. 7 in Section 3), both
retrievals of grain size at forward scattering angles with view zenith
larger than 30°, and also those at backscattering angles with view zenith
larger than 60°, have been excluded. Fig. 10 is similar to Fig. 9, but for the
bottom layer snow grain size. Fig. 11 shows the average sizes retrieved
over the Antarctic plateau for each summer (using the first-day-of-
month domain as Figs. 9-10). The bottom layer snow grain size is larger
than the top layer and it does not show the seasonal variation as those in
the top layer, which increased from November to December. The vertical
distribution of grain size in actual snow is not uniform. The sizes
retrieved here should thus be regarded as roughly weighted averages.
Our results are, however, generally consistent with in situ measurements
reported in the literature (Gay et al., 2002; Grenfell et al., 1994).

5. Retrieval error analysis

We now present a brief, theoretical error analysis of the retrieval
algorithm for snow grain size. The error analysis uses 5000 forward
radiative transfer calculations of the TOA radiances in the 1.64 pm and
0.64 um bands based on the 2-layer snow model described above for the
snow grain size retrieval. The 5000 pairs of snow grain sizes for the two
layers and the retrieval geometry (solar zenith, view zenith and azimuth
angles) for model input are created randomly within the following
domains. Based on the results in Figs. 9-11, the first layer snow grain size

(R1)is limited between 40 to 200 um, while the second layer snow grain
size (R2) is limited between 40 and 500 pm. Because the snow grain size
at a given location in the Antarctic has a minimum value at the surface,
we require that R2 exceed R1 for each pair of sizes as in the retrieval
algorithm. The solar zenith angle is randomly distributed from 50° to
85°; the view zenith angle is between 0° and 70°; and the azimuth angle
is from 0° to 360°. The sub-arctic atmospheric model is used in the
radiance calculations. We then apply the snow grain size retrieval
algorithm described above to retrieve the snow grain sizes and compare
results with the synthetic input data as a truth test. Fig. 12 compares the
snow grain sizes in the first layer. The x-coordinate shows the input size
used in the forward radiative transfer calculations. The y-coordinate in
the left panels shows the retrieved size and that in the right panels
shows the retrieval-input difference. The first row (panels al and a2)
shows results retrieved by using the exact radiances (1.64 um) calculated
in the synthetic data; this indicates the noise and systematic error due to
the algorithm itself. The second (third) row of Fig. 12 shows results using
the input theoretical radiances shifted upward (downward) by +1%
(=1%); this tests for the sensitivity of retrieved snow grain size to an error
in MODIS calibration. The black marks in each panel of Fig. 12 span all
view angles, while the results in red exclude both large view angles
(>60°) and strongly forward scattering angles (a review of Fig. 7 should
provide motivation for the restrictions). The view angle restrictions for
red marks are the same as those of the actual MODIS-based Antarctic
retrievals of Figs. 9 and 10. Fig. 12 shows that the retrieved R1 is generally
larger than the input value in the synthetic data. This systematic error is
due to the effect of the second layer. When retrieving R1, R2 is not
known, and the vertical profile of snow grain size is hence not
accounted. But in the forward radiative transfer calculations of radiance,
the R2 is required to equal or exceed R1. The residual signal of this larger
R2 is a slight upward discrepancy in the retrieved R1 in the top row of
Fig. 12. The middle and bottom rows illustrate the effect of a possible
error in MODIS calibration at 1.64 um on the snow grain size retrieved for
the top layer: the £1% biases of the input radiance have negligible effect
on the retrieval of R1.

Fig. 13 is similar to Fig. 12, but for the second layer snow grain size
retrieval using the 0.64 um band. When retrieving R2, the first layer
size R1 is known and is hence one of the input parameters. The results
for R2 in Fig. 13 (top row) show no apparent effect of the systematic
error in the prior retrieval of R1 in Fig. 12 (top row). The middle and
bottom rows of Fig. 13 preview the impact of possible errors in MODIS
calibration on R2 in the second layer. But quite differently than was the
case for the R1 retrieval, the +1% radiance biases have much larger
effect on R2 retrieval, because reflected radiance in the 0.64 pm band
(Fig. 13) is less sensitive to grain size than in the 1.64 um band (Fig. 12).
Viewing geometry is yet another issue; black (red) marks use all
(restricted) view angles. The marks in Figs. 12 and 13 show that
theoretical errors in both R1 and R2 are reduced significantly if the
view geometry is restricted, as in the actual Antarctic snow grain size
retrieval of Section 4.

Table 1 summarizes the retrieval errors for grain sizes (R1 and R2)
with respect to the input of synthetic data. The unit is in micrometer,
but the numbers in parentheses are the relative bias in percent. Using
the unbiased radiative transfer radiance (RT Rad in Table 1), the
relative standard deviation discrepancy is 5.7% for R1 and 4.0% for R2.

We also determined the effect of retrieval errors in R1 and R2 on
the TOA spectral reflectance. These calculations used the same
atmospheric model and the 2-layer snow model as for the Antarctic
snow grain size retrieval. Fig. 14 shows the nadir reflectance at TOA
from 0.3 to 3.0 um. The baseline calculations (the dotted lines in the
upper two panels) assumed R1=100 pm and R2 =180 pm (these values
are approximate averages of the sizes retrieved over the Antarctic and
shown in Fig. 11). The o in Fig. 14 represents the grain size retrieval
error presented by the standard deviation in Table 1. For example,
0=5.7%%R1=5.7 um for R1 (the left panels) and 0=4.0%2xR2=7.2 um
for R2 (the right panels). The solid and dashed lines in Panel (b1)
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Fig. 12. Comparison of the retrieved first layer snow grain size with the input in the synthetic data. The retrieval in Panel (a1) is based on the unbiased radiances; that in Panel (b1) is
based on the same radiances but with +1% bias; that in Panel (c1) has a -1% radiance bias. The black is for all angles and the red is for restricted angles. See text for details.

represent the reflectance biases due to the +10 and -10 retrieval
errors of R1 respectively (R2=180 um), while the solid and dashed
lines in Panel (b2) represent the reflectance biases due to the +20 and
-2oretrieval errors of R2 respectively (R1=100 um). Fig. 14 shows that
the effect of retrieval error in R1 on the TOA radiance is mainly in the
near infrared, while the effect of error in R2 is mainly on wavelengths
shorter than 1.4 um.

The retrieval errors presented in this section are pertinent to the
snow in the Antarctic, where snow grains are usually dry and small in

size. For snow in other regions, where grains are often larger and
wetter, and where the atmosphere has more effect on radiation, the
retrieval algorithm here may not apply; more input data may be
required.

6. Comparison with MODIS/CERES measured radiances

The spectral radiances measured by MODIS and the broadband
radiances measured by CERES can be used to check both the single
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Fig. 13. Similar to Fig. 12, but for the second layer snow grain size.

scattering snow optical properties that we have assumed and the
snow grain sizes that we have retrieved. We choose three
representative MODIS channels for this test and compare simulated
radiances with measurements. These three MODIS channels, which
are independent of the two channels used for the grain size retrieval,
also have different sensitivities to grain size (as does the CERES
broadband SW). We use MODIS channel 4 (0.55 pm), channel 2
(0.86 um) and channel 7 (2.13 um). The 0.55 pm channel in the visible
spectrum has small absorption in snow and is not sensitive to the
snow grain size. In contrast, the 2.13 um channel is very sensitive to

the snow grain size, whereas the 0.86 um channel is moderately
sensitive to the gain size.

We calculated MODIS and CERES radiances for the clear CERES
footprints with snow grain size retrievals shown in Figs. 9 and 10, but
further restricted the domain to only those observations on the
Antarctic plateau with surface elevation above 2500 m; this
minimizes atmospheric effects and allows a focus on snow effects.
As for all grain size retrievals, the standard deviations of MODIS
radiances in each CERES footprint are used to screen out footprints
with excessive surface roughness or with unidentified cloud
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Table 1
The differences of snow grain size between the retrieved and the input in synthetic data

Layer  Mean difference Std difference

RTRad  +1% Rad -1% Rad RTRad  +1%Rad  -1%Rad
1 7.0(6.0) 5.8(5.0) 8.1(7.0) 6.6(5.7)  6.4(5.5) 6.8(5.9)
2 3.0009) -121(-38) 159.1(50.1) 12.8(4.0) 41.0(12.9) 48.6(15.3)

* Numbers in parentheses indicate relative difference in percent.

contamination. The grain sizes retrieved (based on LUTs for MODIS at
0.64 um and 1.64 um) are then used for the calculation of snow optical
properties with the coupled atmosphere-snow model in radiance
simulations for all wavelengths.

Fig. 15 compares the MODIS 0.55 um channel radiances for the first
days of the four summer months (four columns). For simplicity, each
panel combines all five years of first days for the respective month
(column). The upper two rows use the retrieved snow grain size for
model input, whereas the lower two rows uses the measured surface
reflectance (ARF) at Dome C (Hudson et al., 2006) for model input.
Each MODIS observed radiance in Fig. 15 is the energy weighted
average of those in each CERES footprint. Humidity (GEOS4) and
ozone (National Centers for Environmental Prediction (NCEP) Strato-
sphere Monitoring Ozone Blended Analysis (SMOBA)) inputs for the
radiative transfer calculations were obtained from the CERES

Z. Jin et al. / Remote Sensing of Environment 112 (2008) 3563-3581

database. The two sets of model calculations share the same atmo-
spheric inputs but have different treatments of snow. The first set of
radiative transfer calculations (the upper two rows in Fig. 15) is
coupled and considers the two snow layers the same as atmospheric
layers, whereas the second set of calculations (the lower two panels) is
uncoupled and considers the snow surface as a bottom boundary for
which the surface reflectance must be specified. When snow surface is
treated as the bottom boundary in an uncoupled radiative transfer
calculation, the snow physical and single scattering optical properties
are not explicit inputs; the surface BRDF or the directional reflectance
that represents snow is input. In our case, the available Hudson et al.
(2006) measurement is a hemispherical-directional reflectance,
which is different from the BRDF. The radiative transfer model was
modified accordingly to input the ARF or the measured hemispherical
reflectance. Fig. 15 demonstrates that the two independent
approaches give similar results in this 0.55 pm channel. Although
the ARF was measured at only one location, the uncoupled simulation
using ARF (lower two rows) agrees with satellite data over much of the
Antarctic plateau, almost as well as does the coupled simulation using
retrieved sizes (upper two rows).

Similar to Fig. 15 (0.55 pm), Fig. 16 (0.86 pm) compares the two
independent modeling approaches with MODIS observations. For
both wavelengths, the standard deviations of discrepancies (simula-
tion versus MODIS) using retrieved sizes (upper rows) are only a few
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MODIS—Model Radiance Comparison Over Snow (0.55 um)
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Fig. 15. Radiance comparison between model and MODIS measurements in channel 4 (0.55 um). The four columns are for the four days and the five years of data for each date are
combined together. The upper two rows show the modeled results using the retrieved RE as shown in Figs. 9 and 10, whereas the lower two rows show modeled results using the
measured surface reflectance at Dome C. Only the clear CERES footprints with surface level higher than 2500 m above sea level are used to minimize the atmospheric effects.
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tens of percent smaller than those using ARF from Dome C (lower
rows). However, for the 2.13 pm channel (Fig. 17), results from the
simulation using only the local ARF from Dome C (lower rows) to

Modeled Radiance (W/m?/um/sr) Model — MODIS (W/m?®/um/sr) Modeled Radiance (W/m?/um/sr)

Model — MODIS (W/m?/um/sr)
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MODIS—Model Radiance Comparison Over Snow (0.86 um)
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Fig. 16. Similar to Fig. 12, but for MODIS channel 2 (0.86 pm).

represent the broad Antarctic plateau are not adequate. This is due to
the high sensitivity of the 2.13 um channel to snow grain size (see Fig.
6), which varies with time and location (Figs. 9-10). The 2.13 um
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MODIS—Model Radiance Comparison Over Snow (2.13 um)
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Fig. 17. Similar to Fig. 12, but for MODIS channel 7 (2.13 pm).
radiances calculated using retrieved grain sizes, which include Fig. 18 extends the comparison of computed and observed

information from MODIS at 1.64 um, compare favorably with radiances to the CERES broadband, where the absorption within the
MODIS (upper rows of Fig. 17). atmosphere is more significant than in the MODIS channels. The
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CERES-Model Radiance Comparison Over Snow
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Fig. 18. Similar to Fig. 12, but for CERES broadband shortwave.
second set of calculations (the lower two rows) show a bit larger important and the measured BRDF at one site is not representative.

bias than the first set calculations, probably from the near infrared The reflected solar radiation over snow is, however, dominated by
component of the shortwave radiation, where the grain size is the shorter wavelengths. One half of the cumulative reflection to
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Fig. 19. The relative discrepancies for the modeled radiances shown in Figs. 15-18 in the three MODIS channels (the upper three panels) and the CERES shortwave (the lower panel).

Results from four days each year from 2000 to 2005 as shown in Fig. 9 are presented.

TOA over the plateau occurs at wavelengths below 0.65 um, for a
solar zenith angle of 70°.

Fig. 19 shows the mean relative biases (model minus observation
divided by observation) for the MODIS (0.55 pm, 0.86 um, and 2.13 um)
and CERES channels shown above in Figs. 15-18. They are separated to
year by year for the four days in each summer. The squares denote
biases where the model uses measured surface ARF for input. The
asterisks denote biases where the model uses grain sizes retrieved
from MODIS (at 0.64 pm and 1.64 um) within each respective CERES
footprint. The biases for modeling with measured ARF (squares) in
each of the lower panels (0.86 um, 2.13 pm, and broadband) has a
characteristic seasonal pattern (from November to February), but the
range in bias is quite different from band to band; these seasonal

patterns in bias are mostly due to the seasonal variation of the snow
grain size. The measured ARF was at one location and in limited time
period, and the calculations using this input (squares) therefore
cannot represent the entire Antarctic plateau for each summer month
in a 5-year span. Note the large seasonal variation for the grain size of
the top layer in the upper panel of Fig. 11. As shown in Figs. 9 and 11,
the snow grain size of the top layer is smallest in November each year
and, therefore, the surface reflectance is largest and is likely larger
than the measurements, which results in the bias to the low end in
November each year for the modeled radiances with measured
reflectance (squares) in the lower three panels of Fig. 19. The biases
and their seasonal variations are largest for the 2.13 pum radiances,
because of the high sensitivity of this channel to snow grain size. On
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the other hand, we expect hardly any seasonal pattern of the model
bias when using RE retrieved instantaneously for each footprint
(asterisks), because the grain size variation is then already considered
in model calculations.

The relative biases for calculations in the 0.55 pm channel (upper
panel of Fig. 19) are almost counter intuitive. The seasonal variations of
bias for the model using measured ARF (squares) are different from
year to year and do not show the seasonal pattern as for the other
three channels, but they are similar for the model biases using
retrieved RE (asterisks). This occurs because the radiance at 0.55 pm is
only marginally sensitive to RE, and the surface macroscale roughness
hence emerges as the more important factor. The measured ARF
includes the small surface roughness effect at Dome C. Surface
roughness tends to reduce the forward reflection but enhance the
backward reflection. Note that the satellite observations with large
view angles in the forward scattering plane were excluded for model
simulation here and the modeling using retrieved RE considered flat
snow surface; this explains the consistent lower biases (i.e., less
reflection) for plane-parallel modeling with retrieved RE (asterisks)
than those using measured ARF (squares) in the upper panel of Fig. 19.
The seasonal bias variation for modeling with measured ARF is also
smallest in this channel.

The variations for the bias in the broadband are similar to those in
the 0.86 pm band for radiances modeled with both approaches,
indicating that the CERES broadband shortwave radiance has similar
and moderate sensitivity to snow grain size as the MODIS 0.86 pm
channel. The seasonal variation of snow grain size over the Antarctic
plateau produces about 5% of variation in broadband shortwave
reflectance. Note that the biases for CERES SW are mostly positive.

7. Conclusion

We calculated the single scattering snow optical properties for
different particle shapes and degrees of microscopic scale surface
roughness; and compared them. All of these optical properties
(extinction, absorption, scattering asymmetry factor or phase
function) vary with the effective particle radius (the snow grain
size). When both grain size and total snow mass are held constant,
the total optical extinction in the shortwave has almost no variation
with change in particle shape, particle microscopic scale surface
roughness, or wavelength. However, other optical properties (the
single scattering albedo and asymmetry factor) vary strongly with
snow particle shape and wavelength. Microscopic scale particle
surface roughness mainly affects the scattering asymmetry factor
and phase function; increasing roughness tends to smooth the
scattering phase function.

The snow optical properties were implemented in a coupled
atmosphere-snow radiative transfer model. The radiative transfer
simulations were compared with quality surface and satellite
measurements. The results showed that the radiation over snow is
sensitive to the snow grain size and its vertical profile. When
inhomogeneity of the particle size distribution is taken into account
(e.g., by using a two-layer snow model), the measured spectral
albedo can be successfully simulated, regardless of particle shape.
But the modeled radiance distribution depends on the particle
shape. The usual “equivalent spheres” assumption significantly
overestimates forward reflected radiances, and underestimates
backscattering radiances, around the principal plane. On average,
the aggregate shape assumption has the best agreement with the
measured radiances (mean discrepancy of less than 2% with the
measured ARF).

Using the MODIS 1.64 um and 0.64 pm data and the coupled
atmosphere-snow radiative transfer model, we retrieved the snow
grain size (aggregate assumption) over the Antarctic continent in clear
conditions. The retrieved top layer grain size showed similar and large
seasonal variation (e.g., increasing from November to December) in all

years, but year-to-year variation was small. Retrieved snow particle
grain sizes for the bottom layer were generally larger, and they had
less seasonal variation, than those on the top. However, the retrieval
algorithm is pertinent to the snow in the Antarctica. For snow in other
regions, where size is large and the atmospheric effect is larger, a
retrieval algorithm would require more inputs than the two MODIS
channels used here.

The retrieved snow grain sizes (based on MODIS 1.64 um and
0.64 um data) were used to model the spectral radiances of three other
MODIS channels and the broadband shortwave radiances of CERES.
Except for the MODIS 2.13 ym channel, the mean relative model-
observation differences are generally a few percent. These modeled
narrow-band and broadband radiances with a 2-layer snow retrieval
for input were also compared with those modeled using the measured
surface reflectance at Dome C for input. The results indicate that the
measured surface reflectance covering the MODIS 0.55 pm channel at
Dome C can be applied to the snow over the entire Antarctic plateau,
whereas those in the near infrared 2.13 pm channel cannot be used to
represent the snow in other locations or at other times, because of the
high sensitivity of the near infrared to the snow grain size (which has
spatial and temporal variation). The broadband shortwave radiance is
moderately sensitive to the snow grain size, comparable to the MODIS
0.86 pum channel. The broadband snow surface albedo over the
Antarctic plateau is not a constant, but varies around 5% in a year; this
is mostly due to a seasonal variation in snow grain size. CERES
broadband radiances simulated with retrieved grains sizes are about
2% larger than those observed.

Significant discrepancies between calculations and observations
show that satellite observations with large view zenith angles around
the principal plane should be avoided for the retrieval of snow
properties. The results also provide guidance to improve the accuracy
of a calculation for the radiative energy budget over snow. A two-layer
snow model with retrieved snow grain sizes from the coincident
MODIS measurements will be used in a future CERES algorithm.
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